Many proteins self-assemble to form large supramolecular complexes. Numerous examples of these structures have been characterized, ranging from spherical viruses to tubular protein assemblies. Some new kinds of supramolecular structures are just coming to light, while it is likely there are others that have not yet been discovered. The carboxysome is a subcellular structure that has been known for more than 40 years, but whose structural and functional details are just now emerging. This giant polyhedral body is constructed as a closed shell assembled from several thousand protein subunits. Within this protein shell, the carboxysome encapsulates the CO 2 -fixing enzymes, Rubisco (ribulose-1,5-bisphosphate carboxylase/ oxygenase) and carbonic anhydrase; this arrangement enhances the efficiency of cellular CO 2 fixation. The carboxysome is present in many photosynthetic and chemoautotrophic bacteria, and so plays an important role in the global carbon cycle. It also serves as the prototypical member of what appears to be a large class of primitive protein-based organelles in bacteria. A series of crystal structures is beginning to reveal the secrets of how the carboxysome is assembled and how it enhances the efficiency of CO 2 fixation. Some of the assembly principles revealed in the carboxysome are reminiscent of those seen in icosahedral viral capsids. In addition, the shell appears to be perforated by pores for metabolite transport into and out of the carboxysome, suggesting comparisons to the pores through oligomeric transmembrane proteins, which serve to transport small molecules across the membrane bilayers of cells and eukaryotic organelles.
Introduction
Until relatively recently, bacterial cells were generally believed to lack a high degree of internal organization, as they lack the typical membrane-bound organelles of eukaryotic cells. However, it is becoming clearer that many bacteria benefit from well-organized interiors [1] [2] [3] [4] [5] [6] . For example, it is now understood that many bacteria have primitive cytoskeletons: ancient homologues of the well-known eukaryotic cytoskeletal proteins actin and tubulin are widely distributed across the Bacteria [7, 8] . Furthermore, although bacteria lack the typical membrane-bound organelles of eukaryotes (e.g. mitochondria and chloroplasts), it is becoming evident that some have developed special mechanisms for achieving spatial localization inside the cell. One such mechanism arises in the carboxysome, a bacterial subcellular microcompartment whose details are just beginning to emerge.
Carboxysomes were first observed by electron microscopy more than 40 years ago inside the cells of cyanobacteria [9] , and then in chemoautotrophic bacteria [10] . They appeared as polyhedral bodies having varying degrees of geometric regularity and diameters of 1000 Å (1 Å = 0.1 nm) or more Key words: carbon dioxide, carbon fixation, carboxysome, microcompartment, organelle, protein assembly.
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( Figure 1 ). Their similarity to viral capsids was evident, but the carboxysome was found not to contain nucleic acid [11] . It is instead filled with enzymes, mainly Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase), as well as carbonic anhydrase. This creates a subcellular enclosure for highly efficient CO 2 fixation [10, [12] [13] [14] . CO 2 is generated by carbonic anhydrase and consumed by Rubisco, so the co-localization of the two enzymes results in substrate channelling. This accounts at least in part for the enzymatic advantage provided by the carboxysome. The arrangement is particularly critical in view of Rubisco's naturally low enzymatic efficiency, and the undesirable competition between molecular O 2 and CO 2 in reaction with Rubisco. Until recently, further details on how the carboxysome is constructed and how it functions have been scarce.
Some of the most useful information has come from genomic sequence data. Carboxysomes, and the genomic organization of their components, have been studied in the greatest detail from two organisms: Synechocystis PCC6803 (a cyanobacterium) and Halothiobacillus neapolitanus (a chemoautotroph) [15, 16] . In H. neapolitanus, the genes for the small and large subunits of Rubisco occur in an operon encoding several other proteins. These include genes for three homologous proteins, CsoS1A, CsoS1B and CsoS1C, which were found to be major components in cell preparations enriched in carboxysomes [17, 18] . Multiple homologues from this protein family are also present in Synechocystis PCC6803 (the homologous proteins in that organism are named CcmK1, CcmK2, CcmK3 and CcmK4) and in other cyanobacteria containing carboxysomes ( Figure 2 ) [2, 16, 18, 19] . The carboxysome operons also encode other proteins, including some whose sequences identify them as carbonic anhydrases, and some that are apparently novel. In addition, purified preparations of carboxysomes from H. neapolitanus led to the identification of as many as nine distinct proteins. Despite the potential complexity of the carboxysome indicated by such studies, the presence of multiple homologues of a small protein (i.e. the CsoS1/CcmK proteins) suggested similarities to icosahedral viral capsids, some of which are constructed from many copies of a few distinct, but homologous, protein subunits [20, 21] . This perspective led us to focus on the CcmK and CsoS1 proteins as the best starting point for understanding the structure of the carboxysome shell.
Insights from crystal structures of the major shell subunits
Crystal structures have now been determined for four different homologues of the major carboxysome shell protein (i.e. CcmK/CsoS1 proteins). The structures of CcmK2 and CcmK4 (in two different crystal forms) were reported by Kerfeld et al. [22] , while the structure of CsoS1A has also been determined [23] . Informative diffraction data have also been obtained for CcmK1 (S. Tanaka and T.O. Yeates, unpublished work). The common features observed in these multiple structures have led to a number of conclusions about the outer shell of the carboxysome. Some of the minor variations between the structures have provided more subtle clues about assembly, mechanism and cellular function (Figure 3) .
A central finding, consistent throughout all the structures, is that the major shell proteins assemble to form hexameric building blocks [22, 23] . In addition, as seen in three different proteins representing two different organisms (CcmK2 and CcmK1 from Synechocystis PCC6803, and CsoS1A from H. neapolitanus), the hexameric building blocks show an ability to assemble further to form two-dimensional molecular layers of protein molecules [22, 23] . This roughly 18 Å thick molecular layer appears to represent the flat facets of the carboxysome shell, which a recent electron-microscopy study suggests is roughly icosahedral in shape [24] . Interestingly, not all of the subunits studied so far appear to be capable of forming an indefinite layer by a packing of hexagons in two dimensions. The CcmK4 subunit formed only individual hexamers in one crystal form, and linear strips of hexagons in a second crystal form [22] . A detailed comparison of the atomic structures reveals that the backbones of the different proteins adopt distinct conformations in their C-terminal regions. These structural differences appear to affect the differing assembly properties of the distinct proteins. The purpose of these differences in structure and assembly properties is not clear at this point. However, one possibility is that the different proteins fulfil different roles in the architecture of the complete carboxysome; a protein that cannot form an extended sheet in two dimensions might serve a role at the edges of the flat facets of the shell, for instance. Further studies will be required to test such ideas.
The packing between the hexamers is very tight; a computational analysis shows that the shape complimentarity between adjacent hexamers is as high as for other natural protein-protein interfaces that have been characterized [23, 25] . Also, the six subunits of each hexamer fit together so that only a small pore remains down the central axis of symmetry. The molecular layer is therefore nearly solid, bearing only small pores whose diameters vary from approx. 4 Å to 7 Å depending on the particular protein. The tightness of the packing strongly suggests that the major shell proteins of the carboxysome have evolved with the purpose of limiting or controlling transport into and out of the carboxysome.
Our current hypothesis is that the metabolic intermediates that serve as the substrates and products of CO 2 fixation, bicarbonate and the C 3 and C 5 sugars (3-phosphoglycerate and ribulose 1,5-bisphosphate respectively), are able to cross into and out of the carboxysome by way of the pores noted above. The pores through the carboxysome shell are created at the axes of symmetry through the hexameric oligomers. This is reminiscent of the pores formed in transmembrane protein channels by oligomer formation; the tetrameric potassium channel [26] and the pentameric pressure-sensitive water channel [27] provide well-known examples. The carboxysome shell is considerably thinner than a typical lipid bilayer, so the pores through the carboxysome are shorter than the pores through transmembrane pores [23] . The shortness of the carboxysome pores may limit the selectivity that can be achieved, but the structures do suggest some degree of specificity. The pores visualized so far in the carboxysome hexamers bear a positive electrostatic potential. This could reflect a preference for the passage of negatively charged molecules such as bicarbonate; the neutral O 2 molecule that presents a problematic competition with CO 2 would not enjoy any advantage from a positively charged pore. Experiments to date have failed to identify bicarbonate molecules bound in the pores, but bound sulfate ions have recently been observed [23] ; their double-negative charge may enhance their tendency to be tightly bound in the pore.
Questions and future directions
The structures of the major shell proteins provide a number of early insights into the structure and function of the carboxysome. They also provide an atomic level framework for addressing a number of new questions. Some of those questions and future areas of investigation are noted here. (i) If the hexagonal pores through the major shell proteins serve for molecular transport, then structure-based mutagenesis experiments should be able to test this. (ii) Flat hexagonal layers have been visualized so far, prompting the question of how such a layer can bend or fold up to form a closed shell. Preliminary data suggest that other proteins in the carboxysome operon provide this curvature (S. Tanaka, C.A. Kerfeld, and T.O. Yeates, unpublished work). (iii) Essentially nothing is known about how the shell is connected to its contents. How does the carboxysome get assembled properly in the cell? What molecular interactions and recognition events are involved in enclosing virtually all of a cell's Rubisco molecules inside a protein shell? (iv) Is the carboxysome regulated, either in its assembly or its composition? (v) How did the carboxysome evolve? (vi) Homologues of the major shell protein can be found widely distributed across the bacterial kingdom, including in microbes that do not perform CO 2 fixation; those organisms appear to sequester other metabolic pathways inside the microcompartment [19] . What are the mechanistic and evolutionary relationships between these diverse microcompartments? (vii) Nature has evolved these microcompartments in order to enhance particular enzymatic pathways. Can novel microcompartments be engineered in order to enhance other useful pathways and processes? (viii) Is it possible that the known microcompartments, constructed from shell proteins homologous with those described here, represent just one of several kinds of microcompartments present in Nature? Continuing structural, biochemical and genomic studies should begin to answer these questions.
Summary
The emerging structure of the carboxysome illustrates how much remains to be learned about cells and the molecular mechanisms they have evolved to carry out their functions. Working from the bottom-up, structural studies on components of the carboxysome are revealing key insights about molecular evolution, mechanism and function. In particular, architectural similarities to viral capsids are evident. Whether this reflects a presently unknown evolutionary relationship or a case of convergent evolution remains to be seen. The structures also reveal pores that may serve for molecular transport into and out of the carboxysome, opening up comparisons with other molecular transport systems, such as transmembrane channels. The findings summarized here only scratch the surface of the carboxysome. Further studies will be required to reveal the remaining mysteries contained in the carboxysome and other subcellular microcompartments.
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